The y'-precipitate particle in Ni-based alloys sometimes splits into a pair of parallel plates (i.e., doublet) or eight small cuboids (i.e., ogdoaa)
during the growth of the precipitates. Such extraordinary phenomena indicate that the elastic interaction does affect the shape of the individual y'-particles, to say nothing of the distribution of them. By calculating the energies before and after the split on the basis of a microelasticity theory, we can justify the conception that the elastic interaction between the doublet or the ogdoad formed by the split decreases the total energy by overcoming the increase in surface energy due to the split.
The effects of elastic interaction
Introduction
It is well known that the precipitation of coherent y'-particles plays an important role in the improvement of high temperature strength of Ni-based superalloys.
Therefore, one of the important subjects for designing and developing new types of such precipitation-strengthened superalloys is on how to control the morphology of y'-precipitates by different kinds of heat treatments etc.
As for the morphology of precipitates, both the shape and the distribution of them are to be considered in general.
The energy state of every coherent y'-precipitate particle can be expressed by the following equation:
where the first term Estr is the elastic strain energy which results from the lattice mismatch between the y'-precipitate and the y-matrix, and the second term E,,,f the surface energy (interfacial energy) of the y'-precipitate.
It has widely been recognized so far that the shape of y'-precipitate is theoretically
given by minimizing the sum of the Estr and the Es,,-. Furthermore, the shape of y'-precipitate has been considered to vary with the degree of lattice mismatch (l-3); that is, the shape changes from a sphere to a cuboid, a needle or a plate as the lattice mismatch increases. 
Experimental Procedures
Eleven kinds of Ni-based alloys were used in the present studies, as follows: When the Ni-12%Al alloy is slowly cooled in a furnace to 1133 K (just below the y '-solvus) after homogenizing at 1473 K and then aged at 1133 K for a short time, coherent y'-particles in cuboidal shape appear sparsely and randomly in the y-matrix.
During the growth of the particles by further ageing at 1133 K, the shape of the individual y'-particles changes to a in Ni-12at.%Al alloy aged at 1133 K (just below the y'-solvus) for 144000 set subsequent to a furnace cooling from 1473 K (homogenizing) to 1133 K. distinctive one, as illustrated in Fig. 1 . In this figure, a number of pairs oE parallel plates which are separated by a narrow crevice filled with y-matrix, can be seen here and there in the matrix. The paired y'-plates are in face-face configuration and the crevice between them is parallel to ~1001.
Such a pair of y'-plates is considered to be formed by the split of a cuboidal y'-particle during its growth, as follows: first, a rod of ymatrix is formed near the center of the y'-cuboid (see Fig. 2(a) ); then the rod widens along one of the (loo} planes (see Fig. 2 (b)); and finally, the rod reaches the side surface of the y'-particle (see Fig. 2 (c)), which results in the completion of the split into a pair of parallel plates, i.e., a doublet.
This type of split is also observed in Ni-ll%Ti, Ni-40%Cu-6%Si and Ni-lS%Cr-5%Si alloys. for 72000 set subsequent to a furnace cooling from 1473 K (homogenizing) to 1103 K.
When the Ni-12%Si alloy is aged at 1103 K (just below the y'-solvus) subsequent to a furnace cooling from 1473 K (homogenizing) to 1103 K, another type of distinctive shape-change occurs in the cuboidal y'-particles which are sparsely and randomly distributed, as illustrated in Fig. 3 . Although each of the unit assemblies of y'-particles distributed here and there in the y-matrix is viewed to be a group of four cuboids, TEM observations of many foil specimens whose faces are not parallel to {loo} show that the unit assembly is really a group of eight cuboids, i.e., an ogdoad. It can be considered from Fig. 4 that such a unit assembly is formed by the split of a single y' -cuboid into eight small cuboids, as follows: first, the center of each side surface of a y'-cuboid, i.e., {loo}, is depressed by the y-matrix (see Fig. 4(a) ); then the depression (y-matrix) extends towards the center Figure 4 -TEM images of y'-precipitates in Ni-12at.%Si alloy aged at 1103 K for 36000 set subsequent to a furnace cooling from 1473 K to 1103 K, illustrating the progressive split of a single cuboid into eight small cuboids. of the cuboid and simultaneously widens along {loo} (see Fig. 4 (b)); and finally, a group of eight cuboids is formed. This type of split is also observed in Ni-lO%Al-4%Si
and Ni-8%Al-5%Ti alloys.
The phenomena of splits mentioned above take place only when the volume fraction and hence the density of y'-particles keep low. All the y'-particles that are sparsely and randomly distributed in the y-matrix, however, do not split into plural particles.
When the Ni-7%Si-7%Al alloy is aged at 1273 K (just below the y'-solvus) immediately after a furnace cooling from 1523 K (homogenizing) to 1273 K, the spherical y'-particles appear and grow in the y-matrix (see Fig. 5(a) ). During the growth of the particles by further ageing at 1273 K, the particles remain spherical and never split into plural particles, as illustrated in Fig. 5(b) . In the case of the Ni20%Cr-lO%Al alloy also, the y'-spheres never split into plural particles.
Explanation of the Split on the Basis of a Microelasticity Theory -Judging from the usual conception that the shape of the individual y'-particles can theoretically be explained by the sum of the elastic strain energy Estr and the surface energy Esurf, it is improbable that a single precipitate particle should split into plural small particles because of a remarkable increase in the E,,,f. Such an extraordinary phenomenon of split, however, can be explained by introducing the following concept, which opposes the usual conception widely recognized: the elastic interaction has a remarkable effect on the shape of the individual y'-particles. In this section, the above conception newly introduced will be examined by applying a microelasticity theory to the cases of the splits in the Ni-Al and the Ni-Si alloys.
In the case of the Ni-Al alloy, the following two things are assumed: (i) there exists a y'-particle (volume V) which is a single inhomogeneous ellipsoid of revolution in an infinite y-matrix which is elastically anisotropic;
(ii) the single y'-particle splits into two small ellipsoidal y'-particles (volume V/Z). The total energies for the states before and after the split. i.e., E (1) and E(2) , respectively, can be expressed by the following two equations:
and Ec2) = 2*G$*Eincl(P) + 2*S'(P)*ys + Eyit(P) ,
where P is the aspect ratio of the ellipsoid; Eincl(P) the elastic strain energy of the ellipsoid; S(P) and S'(P) the surface areas of the ellipsoids before and after the split, respectively; y, the surface energy density of the ellipsoid; Eint a5 (P) the elastic interaction energy between the two ellipsoids formed by the split.
According to the theoretical basis explained in our previous paper (9), the values of E (1) In the case of the Ni-Si alloy, it is assumed that a y'-particle (volume V) which is a single inhomogeneous ellipsoid of revolution exists in an infinite y-matrix which is elastically anisotropic and the single y'-particle splits into eight small ellipsoidal y'-particles (volume V/8). In this case also, the total energy before the split can be expressed by Eq. (2).
The energy state after the split, i.e., E (8) , is expressed as follows (10): Ew = 8*G*Eincl(P) + S*S"(P)*ys + E::;(P) 3 (4)
where S"(P) is the surface area of the individual ellipsoids after the split; (8) Eint(P) the elastic interaction energy between the eight ellipsoids formed by the split.
The numerical values of the eT* and the ys used for the Ni-Si alloy are -0.0030 and 0.0111 J/m',respectively (11). The values of Cij and Crj for the Ni-Al alloy are used in place of those for the Ni-Si alloy because the values of them at the ageing temperature, i.e., 1103 K, have not been known. Although the use of such approximate values may rise some uncertainties in the energy states calculated, the stable shape thus predicted is not replaced by such other shapes as are to be predicted otherwise (12).
In the case of the Ni-Al alloy, the Eint a0 (PI is calculated for the doublet as two-body problem.
In the case of the Ni-Si alloy, however, the approximate (8) value of the Eint can only be calculated because of the many-body problem. The total sum of the respective elastic interaction energies which are calculated for every different pairs taken from the eight particles is to be regarded as the approximate value of the Eint (8) (10).
According to the procedures hereinbefore mentioned, the changes in the energy state of y'-particles before and after the splits are calculated for the Ni-Al and the Ni-Si alloys, and the results are illustrated in Fig. 6 . The abscissa of each figure indicates the size of the single y'-particle before the split. It can be seen from Fig. 6(a) that the E (1) is lower than Particle size (pm) Figure 6 -Comparisons between the energy states of y'-precipitates before splits (E(l)) and after splits (E(2), E(8)), E(2) or Ec8) becomes lower than E(l) with increasing the particle size, which results in the split. It is the elastic interaction that makes the energy states lowered (e.g., D-tD') by overcoming the increase in surface energy (e.g., PO").
the E(2) when the particle size is small but that the E (2) decreases below the E(l) with increasing the particle size. This calculation indicates unquestionably that as the y'-particle in the Ni-Al alloy grows, the energetically stable shape is changed from a single to a doublet. It is clear from Fig. 6(b) that the stable shape of the y'-particle in the Ni-Si alloy is changed from a single to a group of eight small particles, i.e., an ogdoad, as the particle grows.
It is the elastic interaction that makes the total energy greatly decreased and hence causes the split. From the usual conception that only the sum of the Estr and the Esurf in Eq. (1) governs the shape of the individual y'-particles (that is, the Eint is omitted), it follows that the total energy is remarkably increased by the increase in surface area (and hence in the E surf) which accompanies the split; e.g., from D to D" in Fig. 6(b) .
However, the elastic interaction really contributes to the determination of the stable shape of the y'-particles, which results in the decrease in the total energy by overcoming the increase in the Esurf even if the split takes place; e.g., from D to D' in Fig. 6(b) . It is fully convinced from the above that in order to decrease the total energy of the system, the y'-particle does split into plural small particles when it grows to a certain size.
Classification of the Effects of Elastic Interaction on the Splits -
The discussions in the preceeding section clearly indicate that whether the split occurs during the growth or not depends on the difference between the elastic interaction energy and the surface energy in magnitude. The phenomena of splits are assumed to be well arranged by introducing some parameters which are able to express such a difference.
In fact, the phenomena of splits can well be arranged by using the parameter A which is the ratio of the density of elastic interaction energy to the ys (10). However, they can also be arranged successfully by introducing a new parameter A*, which is the ratio of the y/y' lattice misfit S to ys (i.e., A*=6Jys), as illustrated in Fig, 7 . In this figure, the abscissa indicates the absolute value of A* introduced in place of A, and the ordinate indicates the particle sizes at which the y'-particles split (the sizes are experimentally obtained in the present studies).
The introduction of A* is considered to Figure 7 -Relationship between the particle sizes at which the splits occur and the parameter A*. The A* is the ratio of y/y' lattice misfit 6 to surface energy density ys (A*=6/ys) and has a distinctive advantage of the simplicity of predicting the morphology of y'-precipitates.
be very suitable for arranging the effects of elastic interaction. Although there are no significant differences between the use of A and A*, the A* is by far the better of the two because the density of elastic interaction energy in the A cannot be calculated so easily (10).
It is clear from Fig. 7 
